ABSTRACT: Direct preparation of long one-dimensional (1D) nanostructures with diameters <10 nm inside superfluid helium droplets is reported. Unlike conventional chemical synthetic techniques, where stabilizers, templates, or external fields are often required to induce 1D growth, here, we exploit the use of quantized vortices to guide the formation of ultrathin nanowires. A variety of elements have been added to the droplets to demonstrate that this is a general phenomenon, including Ni, Cr, Au, and Si. Control of the length and diameter of the nanowires is also demonstrated.
N
anostructures extended in one dimension (1D nanostructures), such as wires and tubes, have attracted much attention because of their potential applications in mesoscopic physics and in the fabrication of nanodevices. 1−5 Ultrathin 1D nanostructures with diameters less than 10 nm possess unusual properties related to quantum confinement and the significantly increased surface-to-volume ratio, such as quantum conductance, 6 ,7 ballistic conduction, 8, 9 ferromagnetism, 10 negative magnetoresistance, 11 and low thermal conductivity. 12 Many exciting applications have already been envisaged from these properties including the development of chemical and biological sensors, 13, 14 catalysts, 15 and components for miniature electronic circuits. 16 Synthesis of ultrathin nanowires generally requires some source of anisotropy to bias the growth process in only one direction. To achieve this anisotropy, a variety of approaches have been used such as templates, 17, 18 ligand control, 19 and oriented attachment 20 (more information can be found in recent review articles by Xia et al., 5 and Ozin et al., 21 and references therein). In the presence of a weak binding stabilizer, ultrathin nanowires can now be synthesized even in aqueous solutions by reduction of inorganic metal precursors. 22 Although most research in this field focuses on monometallic nanowires, 1D nanostructures composed of two different metals have also been reported, 23−25 which could offer improved electronic, magnetic, and catalytic properties when compared with monometallic ones. Nevertheless, to date, all of the synthetic approaches are system-dependent and in only a few cases have ultrathin nanowires been produced without any stabilizer, template, or external field. 26, 27 For nanowires involving more than one type of material, simultaneous control of the composition and morphology remains a great challenge owing to the different nucleation and growth rates of different components.
In this study, we present an alternative method for constraining growth in one dimension. This approach uses superfluid helium droplets, which are large helium clusters with diameters ranging from a few nanometers to several micrometers. 28 The unique features derived from using helium droplets as the growth medium for the formation of nanoparticles include (1) a very low temperature (0.38 K), (2) an exceptionally high thermal conductivity (which derives from the fact that helium is superfluid at 0.38 K), (3) the ability to add materials to the droplets sequentially, enabling the easy formation of core−shell nanoparticles, and (4) the chemical inertness of helium, which allows highly reactive materials to be incorporated into nanoparticles. These factors offer a route to a large array of new and potentially very interesting types of nanoparticles. 29 Although still in its infancy, a number of metallic nanoparticles have been synthesized using this technique and have been removed from the helium droplets for transmission electron microscopy (TEM) investigations, including Ag/Au nanoparticles composed of ∼500 metal atoms, 30 pure Ag nanoparticles composed of over 6000 Ag atoms, 31 Ag/Au and Ni/Au core−shell nanoparticles, 32 and polycrystalline Ag nanoparticles. 33 To form 1D nanostructures in helium droplets, we will take advantage of another unique feature of superfluid helium, the presence of quantized vortices, which provide anisotropy that can guide the one-dimensional growth of particles.
Quantized vortices are one of the most dramatic hallmarks of superfluidity and describe the behavior of the superfluid under rotation. 34 The first direct images of quantized vortices in bulk superfluid helium were made relatively recently by passing H 2 through superfluid helium, which then condensed into solid particles with sizes of the order of micrometers. 35−38 In the superfluid phase, these particles align into long chains that can then be imaged using light scattering. The formation of chains was attributed to pinning of the particles to the quantized vortices by an attractive force, which derives from a weak pressure gradient induced by the circulation of the fluid around the vortex line. 34 In a very different experiment, laser ablation of metals has been used to produce nanowires in bulk liquid helium. 39 In the superfluid phase, very long filaments (∼15 mm) composed of many entangled wires (thickness 2−10 nm) were produced, which were attributed to growth along quantized vortices.
The presence of quantized vortices in nanoscale helium droplets has been proposed on a number of occasions, 40−42 but it is only very recently that experimental evidence has been obtained. Gomez et al. 43 observed elongated track-shaped deposits when multiple Ag atoms were added to helium droplets of diameters larger than 300 nm. The overall lengths of these were broadly consistent with the diameters of the helium droplets and provided evidence for the pinning of Ag atoms to quantized vortices extending across the helium droplets. A more recent study by Spence et al. 44 followed an experimental procedure similar to that of Gomez et al., 43 and through careful control of the doping conditions, both Ag nanoparticle arrays and nanorod chains were observed. These 1D Ag nanostructures had lengths up to several hundred nanometers and showed a uniform spacing between the particles and nanorods comprising the chain, mimicking the findings from the H 2 experiments in bulk superfluid helium mentioned earlier. 35−38 In particular, the formation of chains consisting of spherical nanoparticles demonstrated that the aligning force is derived from the helium droplet rather than any anisotropy in the particles.
Given the burgeoning evidence that now exists for quantized vortices in helium droplets, it is possible to consider utilizing these to form a variety of extended 1D nanostructures and the aim of this work is to demonstrate this capability. Specifically, we show that wires with diameters <10 nm and extending for hundreds of nm can be formed for Au, Ni, Cr, and Si when the helium droplet size becomes sufficiently large. These observations suggest that helium droplets have the potential to be used as a means of producing 1D nanostructures for a very wide range of materials.
We start by presenting our findings for gold. We investigated the progressive evolution of gold nanostructures grown in helium droplets of different mean diameters, D, ranging from 25 nm to 1.7 μm. 45 These nanostructures were grown inside the helium droplets and then deposited on a solid surface by collision of the helium droplet beam with the surface. Figure 1 shows images from transmission electron microscopy (TEM) of the resulting surface deposits. With helium nanodroplets composed of <10 6 helium atoms (D ≈ 25 nm) we see only spherical Au nanoparticles (see image a). For D ≈ 55 nm, the TEM image in Figure 1b shows both spherical Au particles and some elongated ones, but as the helium droplet size increases, the elongation becomes more pronounced (see Figure 1c−g ). For helium droplets with a mean diameter of 135 nm (2.8 × 10 7 helium atoms), the nanowires have a length of 20 ± 7 nm and a thickness of 3.9 ± 0.5 nm on average (statistics derived from 100 nanowires in 15 TEM images). For D ≈ 1.7 μm, Au nanowires with length >250 nm and a thickness of 3.6 nm were observed (see Figure 1g for an example). Note that this is very different behavior from Ag in large helium droplets, where chains of particles with interparticle separations in excess of 10 nm were observed. 44 In contrast, fully connected nanowires are observed when gold is added to large helium droplets.
In the expanded view shown in the bottom right of Figure 1g , a "peas-in-a-pod" structure is clearly seen, indicating that the formation of nanowires in the largest droplets studied probably involves the aggregation of smaller particles formed via a multicenter growth mechanism. Multicenter growth can occur in large helium droplets when the rate of addition of a dopant is faster than the transit time for the dopant to move from the surface to the center of the droplet. 46 When this occurs, each "pea" is formed at some random nucleation site within the droplets and then eventually migrates to the vortex, where it becomes trapped. Presumably, additional Au atoms are able to reach the vortex lines and partly fill the gaps between these particles, creating the structure seen.
Some nanowires in Figure 1d −g show branches. In these images, the nanowires are relatively sparse, so the chance of one wire landing on top of another in the deposition process is very small. Consequently, the branched structure is likely to be intrinsic to nanowires formed in helium droplets. One possibility derives from multicenter growth because this leads to initial nucleation at different locations away from the vortices. If a nanoparticle formed at a location remote from the vortex approaches the vortex by diffusion and fails to reach either end of the nanowire, eventually it will encounter a continuous length of nanowire and attach to the side, starting a branch. This process is similar to the aggregation-limited aggregation occurring in wet-chemistry synthesis of nanomaterials, where diffusion is the primary means of particle transport.
47, 48 Another possibility is that more than one vortex may be present in some helium droplets. Vortex arrays are well known in bulk superfluid helium 34 and are conceivable in helium droplets if the latter are formed with sufficient angular momentum. This will complicate the particle aggregation process and may lead to separate strands of nanowires being formed in a helium droplet, which may become entangled or even fuse when deposited onto a surface.
At a constant oven temperature the diameter of the nanowires decreases slightly as the helium droplet size increases, but the length of the nanowires increases accordingly. In another set of experiments, we investigated the dependence of the length and diameter of gold nanowires on the Au doping rate. Here, we kept the source temperature of helium droplets at 5 K, corresponding to helium droplets with a diameter of 1.7 μm, and then varied the partial pressure of gold vapor in the evaporator. As seen from Figure 2 , the diameter of the nanowires increases at lower oven temperatures but reaches a near constant value of 5 nm at higher doping rates. In contrast, the length of the nanowire increases monotonically with the oven temperature. This shows that by careful control of the doping rate and the size of helium droplets, the length of the nanowires can be controlled while maintaining a very narrow diameter.
We now wish to explore if continuous nanowire formation in helium droplets is the norm. To address this point we turn to other elements, specifically Ni, Cr and Si. Figure 3 shows TEM images of nickel nanoparticles grown in helium droplets. The behavior of Ni is similar to Au. In Figure 3a and b, we see a transition from spherical particles to nanorods and then the nanorods become progressively longer as the helium droplet size increases. For the largest helium droplets, D ≈ 1.7 μm, we have obtained continuous nanowires with lengths of a few hundred nm and a diameter of 4 nm. In contrast to the other TEM images in Figure 3 , where the deposition time was 30 s, the image in Figure 3f shows Ni nanowires produced from a 5 min deposition process. Significant entangling of nanowires occurred because of this relatively long deposition time. At the lower-right corner of this image a straight wire with a length exceeding 300 nm is observed spanning a gap across the lacey carbon film. In addition, some branches are clearly seen on this long wire. Because the wires are unlikely to join together or land on top of each other in a hole on the lacey carbon substrate, this suggests that the branched structure is formed inside the helium droplet.
The progressive growth of Cr nanostructures with the diameter of the helium droplets was also investigated. Similar to Au and Ni spherical Cr nanoparticles were seen for small helium droplets but wirelike structures appeared for larger helium droplets. In the largest helium droplets employed in the Cr experiments, where D ≈ 790 nm, Cr nanowires with a mean length of 69 nm and a diameter of 3.3 nm were observed (see Figure 4a) .
We also attempted to form 1D nanostructures using a nonmetallic material, Si. The TEM images of Si nanowires have a relatively poor contrast compared to the metals described above because Si does not scatter electrons as readily. For helium droplets with D ≈ 1.7 μm, we observed Si nanowires Figure 2 . Dependence of the diameter (blue ▲) and the length (red ▼) of Au nanowires on the oven temperature for helium droplets with a mean initial diameter of 1.7 μm.
with lengths exceeding 100 nm (see Figure 4b ). These nanowires are shorter than those obtained for Ni and Au because a lower vapor pressure was used in the Si oven.
In summary, this work shows that nanowires can be successfully grown in helium droplets for several different elements. Given these observations, our expectation is that the formation of nanowires in large helium droplets is a general phenomenon. Unlike other techniques, growth of the nanowires in helium droplets is spontaneous, requiring no extra guiding force other than that which is intrinsic to the droplets, quantized vortices. This, therefore, offers a route to prepare many different types of nanowires, including metallic and nonmetallic, and has the potential to become a generic method for the direct preparation of 1D nanostructures. Because of the high degree of control offered by superfluid helium droplets, it is possible to tailor the properties of nanowires for specific applications, such as sensors, catalysts, and photovoltaics.
Multilayer nanowires are also viable via this route. The traveling helium droplets can sequentially acquire different types of materials when they pass through different pickup regions, 32 making it possible to form multilayer nanowires. We note that in recent experiments in our laboratory on the formation of 1D Ag nanostructures, where Si was added to helium droplets after Ag, Ag−Si nanowires were formed with Si covering the surface of Ag nanorods and in-filling the gaps between the Ag nanorods. 44 This layer-by-layer growth offers opportunities for synthesizing many multilayer nanowires, such as bimetallic and hybrid metal−semiconductor nanowires, where each material can be independently controlled. A special case of hybrid metal−semiconductor nanowires is the noble metal and semiconductor binary system, where the strong surface plasmon resonance of the noble metal components can significantly enhance the optical properties of the semiconductors through energy or carrier transfer. This combination could open up many applications in photonics, plasmonics, and photovoltaics.
■ METHOD SUMMARY
The apparatus for the synthesis of nanoparticles and nanowires in helium droplets has been detailed previously. 29, 32, 44 Briefly, the vacuum system consists of four interconnected ultrahigh vacuum (UHV) regions: a source chamber, a dopant pick-up region, a deposition station, and a mass spectrometer. The helium droplets are produced in the source region by passing high purity helium (99.9999%) under pressure through a 5 μm nozzle that can be cooled to temperatures as low as 4 K by a closed-cycle helium cryostat (Sumitomo RDK-415D). For the work discussed here, a helium stagnation pressure of 15 bar was used in all experiments. On leaving the source chamber, the droplets were collimated into a beam by passage through a 0.5 mm skimmer.
Nanoparticles and nanowires were formed by addition of multiple atoms to the helium droplets from atomic vapor generated from a resistively heated oven whose temperature was measured using a thermocouple. Further downstream is a . TEM images of (a) Cr and (b) Si nanowires formed in superfluid helium. For the chromium experiment the mean initial helium droplet size was 790 nm and for silicon it was 1.7 μm. The scale mark is 50 nm in both images. The oven temperatures were 1500 and 1400 K for Cr and Si, respectively. deposition station coupled with a load-lock chamber, which allows the transportation of deposition targets to external microscopy facilities without interrupting the vacuum in the rest of the apparatus. In all of the experiments, nanoparticles were deposited onto lacey carbon substrates for 30 s, except that the Ni nanowires formed in helium droplets with a diameter of 1.7 μm were deposited for 5 min (see Figure 3f) . TEM imaging was carried out using a JEOL JEM-2100 LaB6 transmission electron microscope (see Supporting Information for results). 
